When the antibiotic avoparcin was fed to sheep, changes were seen in the composition of the cellulolytic bacterial flora of the rumen. Avoparcin significantly reduced the numbers of ruminococci, but did not affect the total numbers of bacteria present, or the titre of filter paper degraders. Isolation and characterization of cellulolytic bacteria from sheep before and after avoparcin feeding began suggested that avoparcin induced a shift in the balance of the cellulolytic bacterial population from rurninococci to Bacteroides succinogenes. Comparison of the cellulolytic activity of isolates from sheep showed that B. succinogenes released label from tritiated cellulose more rapidly and extensively than did Ruminococcus albus, and that B. succinogenes was particularly active in the solubilization of highly ordered forms of cellulose, including dewaxed cotton fibres and Avicel. The pattern of establishment of antibiotic-resistant bacteria in the rumen of sheep after addition of avoparcin to the diet varied considerably one animal to another.
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I N T R O D U C T I O N
Ruminants rely on the rumen microbial population for a large proportion of their supply of energy and protein, in the form of volatile fatty acids and microbial cells (Hungate, 1966) . Advances in our understanding of the energy metabolism of ruminal anaerobic bacteria have led to the view that changing the composition of the rumen flora can increase the productivity of cumen fermentation (Wolin, 1981 ; Smith & Hespell, 1983) . Feeding certain antibiotics reserved for use in animal feeds is, for example, known to beneficially affect the growth and feed conversion of ruminants (Chalupa, 1980) It is assumed that these effects result at least in part from changes in the species composition of the rumen microbial population, since tests with axenic cultures in the laboratory show that feedlot antibiotics inhibit the growth of certain (generally Gram-positive) rumen bacteria (Chen & Wolin, 1979; Dennis et al., 1981 ; Henderson et al., 1981 ; Stewart et al., 1983) . However, conclusions based on studies with axenic cultures ignore the fact that in mixed bacterial communities possibilities exist for the transfer of antibiotic resistance between organisms (Mancini & Beheine, 1977; Privitera et al., 1979) .
The primary aim of this study was to examine the fate of the major cellulolytic bacteria (ruminococci and Bacteroides succinogentzs) in the rumen of sheep fed the feedlot antibiotic avoparcin. In pure culture the growth of cellulolytic ruminococci, like that of many other Grampositive organisms, is readily inhibited by avoparcin (Stewart et al., 1983) . B. succinogenes, although more resistant to avoparcin than ruminococci, is less resistant than many other Gramnegative bacteria (Stewart et al., 1983) . The nature of the cellulolytic activity of strains of cellulolytic rumen bacteria isolated during the study is compared, and the results are discussed with particular reference to the enumeration and manipulation of the cellulolytic rumen bacteria. 
METHODS
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were withdrawn by stomach tube, except for one animal (sheep E) which was fitted with a rumen cannula.
Avoparcin [Avotan, Cyanamid (GB), Gosport, UK] was added to the diet at 45 mg kg-'.
Bacterial counts and isolations. About 1 h after the morning feed, samples (25 ml) of rumen contents were withdrawn into screw-capped universal bottles. The bottles were chilled in ice and the contents homogenized for 45 s using an MSE top-bladed homogenizer at full speed. Dilution series were prepared under 02-free C 0 2 by the anaerobic method of Bryant (1972) using standard anaerobic diluent (Holdeman et al., 1977) .
Total viable counts of bacteria were made on the rumen fluid-glucose cellobiose agar (RGCA) medium of Holdeman et af. (1977) to which was added 0.025% (w/v) maltose. The medium was dispensed into 16 x 150 mm Hungate tubes sealed with butyl rubber stoppers (Bellco Glass Inc., Vineland, NJ, USA). Avoparcin-resistant bacteria were counted on the same medium, modified to contain 25 pg filter-sterilized avoparcin ml-l. Incubation of roll tubes was for 72 h at 39 "C.
The numbers of cellulolytic bacteria capable of forming clearings in cellulose agar were determined using a modification of the cellulose roll tube medium of Hobson (1969) with 1.5% (w/v) agar (Difco) and 1 % (w/v) HCIswollen ground filter paper . The titre of cellulolytic bacteria was determined by the ability of serial dilutions of rumen contents to disintegrate strips of filter paper (Mann, 1968) . Incubation of cellulose roll tubes and paper strips was for 21 d at 39 "C. Cellulolytic bacteria were isolated from cellulose agar roll tubes by picking colonies from the clear zones, and from the filter paper strips by an enrichment method (Stewart et af., 1981) . Cultures were purified by passage through roll tubes (RGCA medium, with maltose, as above) but were otherwise maintained on cellulose wherever possible.
Cufrure characteristics. Fermentation tests were by standard anaerobic methods (Holdeman et af., 1977) . Volatile fatty acids were measured by GLC on 4 mm x 1.5 m glass columns packed with SP1200 (Supelco Inc., Bellefonte, Penn., USA). The oven temperature was 110 "C and the carrier gas (N2) flow rate was 60 ml min-I. A flameionization detector was used. Ethyl alcohol was detected on the same column, but with the oven temperature reduced to 100 "C. Succinic acid was measured spectrophotometrically using a beef heart homogenate containing succinic dehydrogenase (Clark & Porteous, 1966) . Hydrogen was estimated by GLC on 4 mm x 3 m glass columns packed with Porapak Q mesh 60-80 (Waters Associates Inc., Milford, Mass., USA). The oven temperature was 25 "C and the carrier gas (argon) flow rate was 30 ml min-I . A katharometer detector was used.
Ceffufofytic actiuity. To speed the selection of cellulolytic strains during the isolation and purification of cellulolytic bacteria, activity was routinely screened by the radiometric assay of Stewart et al. (1982) . The cellulose used was phosphoric acid-swollen (Wood, 1971 ) Avicel pH 101 (Honeywell & Stein, Wallington, UK) and reductive tritiation was by treatment with KB3H, under alkaline conditions as described by Stewart et af. (1982) , except that non-radioactive KBH, was omitted from the labelling mixture. Isolates which were able to release tritium from tritiated cellulose during 24 h incubation at 39 "C (Stewart et al., 1982) were considered cellulolytic and this was confirmed by gravimetric tests. Cellulose solubilization was determined with dewaxed cotton fibres (Stewart et af., 1981), Avicel 101, Sigmacell 50 (Sigma) and HC1-treated ground filter paper (Stewart et af., 1981) . For these tests 25 mg of the cellulose under test replaced sugars in 10 ml portions of habitat-stimulating medium (HSM) (Stewart et of., 1981) contained in Hungate tubes. After incubation with the bacteria under test at 39 "C for 7 d residual cellulose was determined by the method of Updegraff (1969) .
The effect of avoparcin on the cellulolytic activity of B. succinogenes was studied using cells adapted to avoparcin by passage through HSM with 0.25% cellobiose as sole energy source and containing 16 pg avoparcin ml-I. Cellulose broths were inoculated with 1 ml of cultures which had been incubated for 24 h at 39 "C.
R E S U L T S
When avoparcin was fed to two sheep for a period of 30 d, the counts of bacteria capable of forming clearings in cellulose agar were greatly reduced by the drug (Table 1 , sheep A and B). It was at first not known if this decrease was selective, or if it reflected a general trend in the total numbers of viable bacteria in the rumen. Further tests with different sheep (C, D and E, Table 1) showed that the avoparcin-induced reduction in numbers of cellulolytic organisms (i.e. cellulose clear-zone formers) was reproducible, but was not accompanied by a marked reduction in the total numbers of viable rumen bacteria. Furthermore, the total cellulolytic titre of the rumen contents, measured by the disintegration of filter paper strips, was not affected by feeding avoparcin. In sheep E, for which the filter paper disintegration test was extended to the lo8 dilution of rumen contents, this test indicated the presence of much greater numbers of filter paper degraders than clear-zone formers. None of the rumen samples obtained after feeding avoparcin for more than 3 d supported the formation of clearings in cellulose agar.
Cellulose roll tubes, inoculated with rumen contents before avoparcin was fed to the sheep, were examined to determine the predominant type of bacteria associated with clear zones. * Strains which were isolated from sheep which received avoparcin. The other strains were isolated from sheep which did not receive avoparcin t From 25 mg acid-swollen ground filter paper incubated in 10 ml HSM medium (sugar-free) for 7 d at 39 "C. Exqmination of Gram-stained films of 48 colonies taken from clear zones showed that the majority (37) of the colonies contained Gram-variable cocci which occurred singly and in pairs.
Of the remaining colonies, eight contained mainly thin curved Gram-negative rods, one contained Gram-variable cocci in chains and one contained Gram-positive rods. When representative cultures were purified by passage on roll tubes, only the Gram-variable single and diplococci could be shown to digest cellulose in pure culture. Five representative cellulolytic isolates were selected for further study. 'These organisms (strains J l to 56, Table 2 ) produced hydrogen, acetate and ethyl alcohol (but not succinate) when grown on cellulose. They fermented cellulose, glucose, cellobiose, sucrose, mannose, arabinose and xylose. These characteristics are consistent with those of Rurninococcus albus (Jarvis & Annison 1967; Rogosa, 1974) . Isolates J l to 56 readily released tritium from reductively tritiated cellulose (Table 2 and Fig. l) , and extensively solubilized acid-swollen cellulose, Avicel 101 and Sigmacell 50. They also readily disintegrated filter paper strips, but achieved only very limited solubilization of dewaxed cotton fibres (Table 2) . After avoparcin feeding began, the composition of the cellulolytic flora was checked by microscopic examination of filter paper strips which had been inoculated with rumen contents. The strips were mainly colonized by Gram-negative coccobacilli or short rods. Gram-positive organisms were seldom seen and did not occur in close proximity to the cellulose. Cellulose enrichments were inoculated with filter paper strips which had been incubated with the lo8 dilution of rumen contents from a sheep (sheep D, Table 1 ) fed avoparcin. The enrichment process was initiated 011 three separate occasions 5, 8 and 30 d after feeding avoparcin. This resulted in the isolation of four pure cultures of cellulolytic Gram-negative irregular coccobacilli. The characteristics of these isolates (Bac20, 21, 22 and SD35) are summarized in Table 2 , together with those of two similar isolates (SD1 and Bac23) obtained by the same enrichment procedure from the lo8 dilution of rumen contents taken from two different control sheep (F and G respectively) which were not fed avoparcin. All six cultures of cellulolytic Gram-negative coccobacilli produced succinate and acetate (but not hydrogen or ethyl alcohol) from cellulose (Table 2 ). Of the carbohydrates tested, only glucose, cellobiose and cellulose supported growth. These characteristics are consistent with those of Bacteroides succinogenes (Cato et al., 1978; Holdemcin et al., 1984) . These strains of B. succinogenes were generally more actively cellulolytic than R. albus strains J 1 to 56. Thus the Bacteroides released more tritium from labelled cellulose and solubilized more acid-swollen cellulose, Avicel 101, Sigmacell 50 and dewaxed cotton than did the Ruminococci (Table 2) . A comparison of B. succinogenes strain B20 and R. albus strain 56 indicated that B. succinogenes released tritium from labelled cellulose much more rapidly than did R. albus (Fig. 1) . Release of tritium could be * AS, HCI-swollen ground filter paper; CF, cotton fibres.
t Strain Bac23 was isolated from a sheep which did not receive avoparcin; the other strains were from sheep which received avoparcin.
$ Value is mean of two observations which differed by less than 10%.
z U detected within a few hours of inoculation of either culture. However none of these Bacteroides were able to cause clearings in cellulose agar roll tubes containing 1.5% agar.
To test whether feeding avoparcin to sheep increased the avoparcin tolerance of rumen strains of B. succinogenes, the response to avoparcin of several strains of B. succinogenes was examined. Three strains (Bac20,21 and 22) from the rumen of a sheep fed avoparcin were compared with a fourth strain (Bac23) from a sheep which was not fed avoparcin. The results (Table 3) showed that the digestion of dewaxed cotton fibres and of acid-swollen cellulose powder by B. succinogenes was reduced by avoparcin at a concentration of 64 pg ml-l. The source of the isolate tested had no effect on its susceptibility to avoparcin when growing on cellulose.
Although changes in the numbers of clear-zone forming bacteria occurred in all of the sheep fed avoparcin (Table l) , different sheep differed in other respects in their response to the drug. The proportion of avoparcin-resistant bacteria present in the rumen of sheep before and during avoparcin feeding was examined in four animals. Rumen samples taken from a control sheep (H) not fed avoparcin contained a consistently low percentage of avoparcin-resistant bacteria when observations were made during a 30 d period (mean 7.6 f 2.5%, n = 1 1). When avoparcin was added to the diet of three other sheep., the proportion of avoparcin-resistant bacteria in the rumen increased in all three cases. However, the time course of this increase varied between animals, and in each sheep the proportion of avoparcin-resistant bacteria in the rumen often varied markedly from one sample to another. The average percentage of avoparcin-resistant bacteria in the rumen of the three sheep which received the drug was 56.5 f 31.6% (n = 29), the large SD reflecting the fluctuations in the proportion of avoparcin-resistant bacteria present. Tests with different amounts of avoparcin (from 5 to 50 pg ml-l) in the roll tubes used to enumerate resistant bacteria produced essentially the same patterns of response.
DISCUSSION
The results of previous experiments with laboratory cultures of rumen bacteria suggest that ruminococci are unlikely to survive in the rumen of animals fed avoparcin (Stewart et al., 1983) . The data presented here support this view and show that Bacteroides succinogenes can survive in high numbers in the rumen of sheep dosed with the drug. Succinate produced by B. succinogenes would be decarboxylated by other rumen bacteria to form propionate (Miller & Wolin, 1979) . This could account, at least in part, for the increased production of propionate which has been observed in the rumen of animals fed avoparcin (Froetschel et al., 1983) .
Very large differences were found in the numbers of cellulolytic bacteria detected by the two counting methods used. The filter paper test resulted in higher counts than the clear-zone test both in samples from sheep E obtained before avoparcin was fed, and in all of the sheep after feeding avoparcin. These differences presumably result from variations in the numbers of ruminococci and B. succinogenes present. The formation of clearings in cellulose powders suspended in nutrient media containing agar at a concentration of 1.5% (w/v) is a standard method for counting cellulolytic bacteria (Shane et al., 1969; Van Gylswyk, 1970; Mackie et al., 1978; Sinha & Ranganathan, 1983) . Some strains of B. succinogenes are known not to form clearings in cellulose under these conditions (Bryant & Doetsch, 1954; Stewart et al., 1981) . It seems that the sheep rumen strains of B. succinogenes described here could not be detected by this method and that the paper strip disintegration test gave a more accurate guide to the total numbers of cellulolytic bacteria present. Strains of B. succinogenes have been isolated from the mouse caecum (Macy et al., 1982) and pig caecum (Varel et al., 1984) from clearings in cellulose suspended in purified agars which form soft gels at low concentrations. In contrast to the robustness of the filter paper strip method, these gels are rather fragile for routine counting purposes, but their use in Petri dishes enclosed in anaerobic chambers probably offers the most accurate clearing method for counting cellulolytic rumen bacteria (Leedle et al., 1982) .
The release of tritium from radioactively labelled cellulose of high specific activity proved a rapid indicator of cellulolytic activity. In general, B. succinogenes strains from the sheep rumen were more actively cellulolytic than R. albus. The differences between these organisms were most clearly reflected in the tests on cotton solubilization, and the pattern of release of tritium from acid-swollen Avicel. The results also confirm a previous observation that freshly isolated strains of R. albus can solubilize untreated Avicel extensively; this activity appears to be readily lost during the maintenance of cultures in the laboratory (Wood et al., 1982) . This property is of particular interest, since Avicel is normally regarded as a relatively highly ordered form of cellulose (Wood et al., 1982) . It is known that the cellulase systems of R. albus (Wood et al., 1982) and B. succinogenes (Groleau & Forsberg, 1983 ) differ markedly, but our knowledge of the mode of action of these enzymes does not yet explain the differences in properties of the intact bacteria.
Exposure of B. succinogenes to avoparcin in the rumen did not increase its avoparcin resistance to a greater extent than could be readily achieved by passage of axenic cultures through nutrient media containing the drug. It seemed therefore that B. succinogenes did not gain resistance factors from other rumen organisms.
Although, in general, feeding avoparcin increased the proportion of avoparcin-resistant bacteria in the rumen, the pattern of development, and stability of avoparcin resistance in the total population of rumen bacteria varied markedly between sheep. Walton (1978) described marked fluctuations in the numbers of resistant bacteria in chicks fed avoparcin and suggested that avoparcin resistance was unstable in faecal streptococci. Dawson & Boling (1983) reported variations in the numbers of monensin-resistant bacteria in calves which received the drug (an ionophore) and, curiously, noted very large changes in the proportions of resistant bacteria in the control group which were not offered monensin.
The potential, which has been demonstrated, for a shift in the balance of the cellulolytic rumen bacterial population may have practical applications. The ability of B. succinogenes to solubilize relatively inaccessible forms of cellulose such as cotton fibres in which the cellulose is highly ordered, or straw cell walls in which cellulose is accompanied by large amounts of lignin (Stewart et al., 1979) is the most signal property of this organism. This may point to a particular application of avoparcin, or other antibiotics with a similar effect, in animals fed diets rich in lignified plant cell walls.
